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percolation limit was also achieved for a 50 wt% SBCO and 50 wt% CGO91 (SBCO50) composite cathode.
The ASRs of SBCO50 on the dense CGO91 electrolyte in the overall temperature range of 500 to 750 o C were relatively lower than those of SBCO50 on the CGO91 coated dense 8 mol % yttria-stabilized zirconia (8YSZ) electrolyte for the same temperature range. From 750 o C and for all higher temperatures tested, however, the ASRs of SBCO50 on the CGO91 coated dense 8YSZ electrolyte were lower than those of the CGO91 electrolyte.
The maximum power densities of SBCO50 on the Ni-8YSZ / 8YSZ / CGO91 buffer layer Keywords: Intermediate temperature-operating solid oxide fuel cell, layered peorvksite, area specific resistance, percolation, composite cathode
Introduction
Recently, Intermediate Temperature-operating Solid Oxide Fuel Cells (IT-SOFCs) have been focused on because Solid Oxide Fuel Cells (SOFCs) operated at high operating temperature ranges over 800 o C have problems of thermal degradation, thermal expansion mismatch and high fabrication cost. However, cathode overpotential has dramatically 4 increased at the intermediate operating temperature ranges and has typically been the major source of voltage loss in IT-SOFC operation. Therefore, most research on IT-SOFCs had been devoted to cathode materials [1] [2] [3] .
One candidate cathode material using ionic and electronic conductors (MIECs), a layered perovskite with the general formula LnBaCo2O5+d (Ln: lanthanides 0 < d <1), has recently been a subject of interest for cathode materials for IT-SOFCs because of its high oxygen transport properties, excellent oxygen surface exchange coefficients and superior oxide ionic diffusivity [4, 5] .
Our group has shown that layered perovskite materials are promising cathode materials for [7] .
In this work, the electrochemical properties of a composite cathode prepared using SBCO with various weight percentages of CGO91 (from 0 wt% to 70 wt%) were investigated for direct application as IT-SOFC cathode material. Significantly, the ASR properties when using two types of electrolytes (CGO91 and CGO91 coated 8 mol% Y2O3 stabilized ZrO2 (8YSZ)) are also investigated for the operating temperature conditions. In addition, the power densities when using a single phase cathode and composite cathodes on a Ni-8YSZ / 8YSZ / CGO91 buffer layer were also measured for cathode application of IT-SOFC. X-ray diffraction (XRD) patterns of the prepared samples were obtained in a Philips diffractometer using Cu radiation (λ= 0.15418 nm). The obtained data were matched with the reference data for identification of the crystal structures.
Experimental

Sample preparation and phase synthesis
Half cell fabrication and test
For the fabrication of symmetric half cells that could be used to perform electrochemical characterizations, 10 mol% gadolinia doped ceria (Ce0.9Gd0.1O2-d, CGO91, Praxair Specialty Ceramics, 99.9%) and 8 mol% Y2O3 stabilized ZrO2 (8YSZ, Tosoh) were used as electrolytes. Single phase cathodes and composite cathodes with CGO91 powders were also used for electrochemical measurements. Vehicle systems comprised of α-Terpineol and Butvar were prepared and then cathodes were mixed with vehicles. The characteristics of the initial single phase cathodes and of the composite phase cathodes are summarized in Table 1 . These cathodes were coated onto the electrolytes using screen printing to form symmetrical half cells. These half cells were sintered for 1 h at 1000 °C in order to form a porous electrode structure well bonded to the electrolyte. The final surface area of the symmetric cells was 
Single cell fabrication and test
Anode substrates of SOFC comprised of 8YSZ and NiO (Alfa, 99.9%) powders were provided by the Korea Electric Power Research Institute (KEPRI), as previously reported and as can be found in the literature [10] . After coating the CGO91 slurry on the anode substrates of SOFC with a spin coater, a buffer layer (CGO91 slurry) coated sample was sintered at o C for 3 hours. SmBaCo2O5+d (SBCO) and 50 wt% SBCO-50 wt% CGO91 (SBCO50)
cathodes were also screen-printed and then heat-treated on CGO91 coated anode substrates at 1000 °C for 1 hour.
Power densities multiplied by voltage and current were measured as a function of applied current density using a Solatron 1286 with a 4 lead configuration under 5% H2 / N2 from 600 o C to 800 o C with a water bubbling system. 3% H2O humidified H2 was supplied to the anode chamber by bubbling through deionized water at a flow rate of 100 sccm. Air was also fed into the cathode chamber as the oxidant gas. When supplying hydrogen gas and the oxidant gas, mass flow controllers were used to control the gas flow rates. Pt-paste and Pt-mesh were used for current collection. Pt mesh, having a surface area of 1.09 cm 2 , was placed on the cathodes; Pt paste was also used between the mesh and each electrode as a current collector. Steel and Heinzel for cathode materials for IT-SOFC [11] . This low performance can be improved by introducing the concept of a composite cathode to a single phase cathode; this is a mixed structure using the cathode material of SBCO and the electrolyte material of CGO91.
Results and discussion
Electrochemical properties of LnBaCo2O5+d
Importantly, the usage of such composite cathodes can not only increase the ionic conductivity but also extend the three phase boundary (TPB) between the cathode and the electrolyte. In addition, the coefficient of thermal expansion (CTE) for such s structure decreases as a function of the increased contents of electrolyte material [12] [13] [14] [15] [16] [17] .
Electrochemical properties of composite cathodes
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The ASR values of single phase (SBCO) and composite cathodes with SBCO and CGO91
were investigated with respect to the temperature and CGO91 contents; results are summarized in Fig. 2 (a) and (b) . In the case of these experiments, the composite cathodes are denoted with initials. For example, SBCO40 is the composite cathode consisting of 60 wt % SBCO and 40 wt% CGO91. According to the order of abbreviation, SBCO50 is a sample with 50 wt % of SBCO and 50wt% of CGO91; SBCO70 is a composite cathode comprising of 30 wt % of SBCO and 70 wt% of CGO91.
These results are shown in Fig. 2 (a) and (b); the ASR results for SBCO, SBCO20, SBCO40 and SBCO50 were presented in our previous work in the literature [7] . Fig. 2 (b) , it can be seen that the percolation limit was achieved for the SBCO50 composition and, significantly, the optimized triple phase boundary influenced the electrochemical processes, resulting in reduced polarization. 
Conclusions
The Sm doped layered perovskite shows the lowest observed ASR values in LnBaCo2O5+d 
